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is.  abstract  The  report  is  divided  into  three  sections:  the  first  section  describes  trans¬ 
port  measurements  in  disordered  ferromagnetic  semiconductors,  the  second  dy^|.s  with  mag- 
netic  exchange;  interactions  in  a  mixed  valence  system  of  a  non  magnetic  La  ion  and 
Van  Vleck  Sin  ion  having  a  non  magnetic  ground  state,  and  the  third  section  presents 
results  on  intercalation  of  divalent  rare  earth  ions  into  layer  type  structures. 

Transport  measurements  have  been  made,  on  the  magnetic  semiconductors  Gd^^V 
The  vacancies,  v,  are  randomly  distributed  throughout  the  lattice  and  lead  to  fluctuatin 
repulsive  potentials  and  band  tailings.  Furthermore,  since  our  largest  measujjd  carrier 
concentrations  are  small  compared  to  the  maximum  number  of  vacancies  ('''2.3x10  cm  ),  a 
rigid  band  model  should  be  applicable.  This  is  in  contrast  to  ordinary  semiconductors 
where  the  energy  dependence  of  the  density  of  states  is  generally  a  strong  function  of 
the  dopant  concentration.  Recent  transport  measurements  in  Eu  doped  EuS,  which  demon¬ 
strate  the  applicability  of  a  model  for  transport  in  a  band  tail  of  localized  states  are 
reviewed.  The  two  systems  are  compared  and  discussed  in  terms  of  a  model  first  suggeste, 
by  Cutler  and  Mott  for  paramagnetic  Ce3_xvxS4  and  modified  here  to  include  magnetic 
Interactions. 

Even  though  Van  Vleck  ions  have  non-magnetic  ground  states,  exchange  interacts  ns 
between  them  can  be  observed  by  magnetic  susceptibility  measurements.  The  principles  of 
these  measurements  are  described  as  well  as  a  technique  for  accounting  for  the  paramagnei ic 
impurity  contribution  to  xM*  Measurements  are  reported  in  SmS  doped  with  La,  which  show 
that  the  Sm  -Sin  exchange  interaction  is  greatly  enhanced  by  the  conduction  electrons 

donated  by  the  La.  ,  ,  ,  .  .  ,  . ,  , 

The  rare  earth  metals  Eu  and  Yb  and  the  alkaline  earth  Sr  have  been  intercalate 
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in  the  group  IV  and  VI  dichalcogenides  with  layer  type  structures. 

The  intercalations  were  carried  out  at  low  temperatures  in  liquid 
ammonia  solutions  and  were  shown  to  be  free  of  the  ferromagnetic 
impurities  Eu(NH2)2  and  Eu(NH3)&.  Lattice  parameter  increases  in 
the  c  direction  of  the  hexagonal  cell,  independent  of  the  con¬ 
centration  of  the  intercalated  species,  from  18. 39 A  for  pure  3P  MoS2 
to  27.84  for  the  Eu  intercalated  material  were  measured.  We  find 
the  intercalated  species  to  go  between  every  layer  and  ammonia  is 
intercalated  along  with  the  metals.  The  composition  of  MoS2  fully 
intercalated  with  Eu  is  MoS2(Eu)  o^^3^1-1.5* 

MoS2  orders  ferromagnetically  at  4-5°K  when  ntercalated 
with  Eu  ill  concentrations  greater  than  MoS2(Eu)  The  ferro-^ 

magnetic  compositions  have  paramagnetic  Curie  temperatures  of  8-9  K 
and  Curie  constants  consistent  with  the  europium  being  all  divalent, 
i.e.,  (^=7.9.  When  Yb  and  Sr  are  intercalated  in  MoS2  superconductivity 
occurs  at  2.8  and  5.2°K  respectively. 
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FOREWORD 


This  report  describes  work  performed  under  contract  DAAHQ1  70-C-1313 
for  the  ARPA  Support  Office,  Research,  Development,  Engineering  and  Missilds 
Laboratory,  U„  S.  Army  Missile  Command,  Redstone  Arsenal,  Alabama  during  the 
periou  30  June  1972  through  31  December  1972.  The  monitor  for  this  project 
was  R.  Norman.  The  principal  investigator  was  F.  Holtzberg  and  the  report 
was  written  by  F.  Holtzberg,  M„  W.  Shafer,  L.J.  Tao  and  S.  vor.  Molnar.  Part 
of  this  work  (the  Sm.  La  S  in  colloboration  with  J.  B.  Torrance)  was  per- 
formed  under  joint  auspice  of  ARPA  and  the  ONR  (N00014-70-C-0272) u  The 
work  was  performed  at  the  IBM  Thomas  J.  Watson  Research  Center.  The  authors 
gratefully  acknowledge  the  technical  assistance  of  R.  A.  Figat,  R.  B.  Hamilton, 
H.  R.  Lilienthal,  and  P.  G.  Lockwood,  and  the  support  of  R.  Wo  Johnson, 

J.  D.  Kuptsis  and  W.  Reuter  who  provided  the  following  analytical  techniques: 
Solid  state  mass  spectroscopy  and  quantitative  electron  probe  microanalysis. 
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SUMMARY 


The  report  is  divided  into  three  sections:  the  first  section 
describes  transport  measurements  in  disordered  ferromagnetic  semiconductors, 
the  second  deals  with  magnetic  exchange  interactions  in  a  mixed  valence 
system  of  a  non  magnetic  La  ion  and  Van  Vleck  Sm  ion  having  a 
non  magnetic  ground  state,  and  the  third  section  presents  results  on  inter¬ 
calation  of  divalent  rare  earth  ions  into  layer  type  structures. 

) 

Transport  measurements  have  been  made  on  the  magnetic  semicon¬ 
ductors  Gd,  v  S.o  The  vacancies,  v,  are  randomly  distributed  throughout 
the  lattice  and  lead  to  fluctuating  repulsive  potentials  and  band  tailings. 

Furthermore,  since  our  largest  measured  carrier  concentrations  are  small 
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compared  to  the  maximum  number  of  vacancies  (^2.3x10  cm  ),  a  rigid  band 
model  should  be  applicable,,  This  is  in  contrast  to  ordinary  semiconductors 
where  the  energy  dependence  of  the  density  of  states  is  generally  a  strong 
function  of  the  dopant  concentration.  Recent  transport  measurements  in 
Eu  doped  EuS,  which  demonstrate  the  applicability  of  a  model  for  transport 
in  a  band  tail  of  localized  states  are  reviewed.  The  two  systems  are 
compared  and  discussed  in  terms  of  a  model  first  suggested  by  Cutler  and 
Mott  for  paramagnetic  Ce,  v  S,  and  modified  here  to  include  magnetic 
interactions. 

Even  though  Van  Vleck  ions  have  non-magnetic  ground  states,  ex¬ 
change  interactions  between  them  can  be  observed  by  magnetic  susceptibility 
measurements.  The  principles  of  these  measurements  are  described  as  well 
as  a  technique  for  accounting  for  the  paramagnetic  impurity  contribution  to 


X  ,  Measurements  are  reported  in  SmS  doped  with  La,  which  show  that  the 
M 

Sm2+-Sm2+  exchange  interaction  is  greatly  enhanced  by  the  conduction 
electrons  donated  by  the  La„ 

The  rare  earth  metals  Eu  and  Yb  and  the  alkaline  earth  Sr  have 
been  intercalated  in  the  group  IV  and  VI  dichalcogenides  with  layer  type 
structures.  The  intercalations  were  carried  out  at  low  temperatures  in 
liquid  ammonia  solutions  and  were  shown  to  be  free  of  the  ferromagnetic 
impurities  Eu(NH2)2  and  Eu(NH3)6<>  Lattice  parameter  increases  in  the  c 
direction  of  the  hexagonal  cell,  independent  of  the  concentration  of  the 
intercalated  species,  from  18.39A  for  pure  3R  MoS2  to  27.84  for  the  Eu  inter¬ 
calated  material  were  measured.  We  find  the  intercalated  species  to  go 
between  every  layer  ana  ammonia  is  intercalated  along  with  the  metals.  The 
composition  of  MoS2  fully  intercalated  with  Eu  is  MoS2(Eu)°g_^  q^^3^1— 1^5° 

MoS2  orders  ferromagnetically  at  4-5°K  when  intercalated  with  Eu 
in  concentrations  greater  than  MqS2(Eu)  g.  The  ferromagnetic  compositions 
have  paramagnetic  Curie  temperatures  of  8-9°K  and  Curie  constants  consistent 
with  the  europium  being  all  divalent,  i.e0,  C^7o9o  When  Yb  and  Sr  are 
intercalated  in  MoS2  superconductivity  occurs  at  2.8  and  5o2°K  respectively. 
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1  Density  of  State,  N(E)  vs  energy  for  a  disordered  solid.  4 
The  shaded  area  Indicates  localized  states  and  the  dashed 
line  is  the  density  of  states  for  the  ordered  material. 

(After  Cutler  and  Mott,  Ref.  15). 

2  Electrical  resistivity,  p,  of  Gd„_xv  S^  for  varying  12(a) 

compositions  (See  Table  I)  as  a  function  of  temperature,  13(b) 
T;  (a)  with  no  external  magnetic  field  applied,  (b) 

in  the  presence  of  an  applied  field  of  32  kOe. 

3  Thermoelectric  power,  S,  of  Gd^_  v  S^,  for  varying  15 

compositions  (See  Table  I)  as  a  function  of  temperature 

T. 

4  Hall  coefficient,  eu/HA>  of  ^3-  VxS4  for  varyln8  compo-  17 

sitions  (See  Table  I)  as  a  function  of  magnetic  suscepti¬ 
bility,  x. 

5  Activation  energy  for  electrical  resistivity,  AE,  of  20 

G^3-xVxS4  calculated  from  the  data  (Fig.  2a). 

6  The  temgerature  dependence  of  the  magnetic  susceptibility  27 

of  a  4f  Van  Vleck  ion  calculated  from  Eq.  3.2.1  for 
various  values  of  the  spin-orbit  coupling,  A. 

7  (a)  The  susceptibility  per  mole  Sm  measured  for  three  30 

samples  of  SmS  showing  the  paramagnetic  impurity  con¬ 
tribution  at  lowest  temperatures,  (b)  A  plot  of  TxM 

for  the  same  three  samples  showing  the  straight  line” 
behavior  below  r«75°K  predicted  by  Eq.  3.4.4. 

2+  2+ 

8  The  Sm  -Sm  exchange  interaction  in  La  doped  SmS  33 

showing  the  increase  in  the  exchange  due  to  the  con¬ 
duction  electrons.  The  error  bars  represent  a  +1/2% 

error  in  the  measurement  of  x^0 

9  X-ray  diffraction  patterns  of  (a)  MoS2(3R)  and  (b  and  37 

c)  Eu  intercalated  MoS2.  At  low  Eu  concentrations  both 
intercalated  and  pure  phases  are  present  (b  and  c)  and 

the  003  peak  intensities  vary  with  the  Eu  concentration. 

10  Magnetic  data  on  MoS2(Eu  ag(NH.j)  39 
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1.0  INTRODUCTION 

The  last  annual  technical  report  (DAAH01-71-C-1313,  June  1972) 
presented  the  result  of  a  study  of  the  effects  of  disorder  on  cransport 
properties  of  a  series  of  non-stoichiometric  EuS  samples.  The  emphasis 
in  this  case  was  on  the  effects  of  localisation  on  transport  due  to  static 
potential  fluctuations  and  it  represented  the  first  successful  quantitative 
description  of  hopping  transport  in  a  band  tail.  It  was  possible  in  the 
EuS  system,  with  the  magnetic  fields  available,  to  separate  magnetic  and 

***  I  '  '  v 

coulombic  effects.  In  this  report  we  describe  transport  measurements  on 

the  magnetic  semiconductor  Gd„  v  S, .  Because  of  the  ’.arge  number  of  ran- 

21  -3 

domly  distributed  vacancies  (^10  cm  )  in  these  materials,  they  represent 
transitional  phases  between  the  well  ordered  crystalline  and  amorphous 
states.  Unlike  metastable  amorphous  systems,  it  is  reasonable  to  assume, 
that  it  is  possible  to  grow  stable  crystals  of  gadolinium  sesquisulfide 
with  variable  vacancy  concentrations  under  equilibrium  conditions.  In  the 
second  section  we  extend  some  of  the  ideas  relating  to  electrons  localized 

by  coulombic  disorder  to  include  potential  fluctuations  of  magnetic  origin,. 

-  ^  -O'-1'  *.'2  i 

The  next  section  deals  with  effects  on  magnetic  exchange  of 

|  |  | 

conduction  electrons  donated  by  non  magnetic  La  ions  to  the  Van  Vleck 

|  j  -f-f 

ion  Sm  in  SmS.  In  spite  of  the  fact  that  Sm  has  a  non  magnetic 
ground  state  it  has  a  sizeable  susceptibility  since  its  magnetic  properties 
are  determined  by  higher  lying  multiplet  states.  The  principles  of  the 

susceptibility  measurement  are  described  as  well  ae  a  technique  for  account- 

*V\ , 

ing  for  paramagnetic  impurity  c  mtributions  to 

'  The  final  section  La  concerned  with  a  study  of  layer  type  transi¬ 
tion  metal  dichalcogenides .  These  compounds  are  characterized  by  strongly 

A  \ 


bonded  sheets  of  ions  which  are  loosely  coupled  by  Van  der  Waals  binding. 

It  is  this  weak  interlayer  bonding  which  permits  the  intercalation  of  a 
variety  of  metallic  species  between  the  layers  without  disturbing  the 
layer  structure.  Wer describe  the  low  temperature  intercalation  of  euro¬ 
pium  in  MoS2  and  show  that  ytterbium  and  strontium  can  also  be  intercalated 
The  magnetic  properties  of  the  three  intercalated  systems  are  compared. 
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2.0  THE  EFFECT  OF  COULOMBIC  AND  MAGNETIC  DISORDER  ON  TRANSPORT  IN 

MAGNETIC  SEMICONDUCTORS 

2d  INTRODUCTION 

Transport  of  charge  carriers  in  many  magnetic  semiconductors  is 

dominated  by  potential  fluctuations  of  both  coulombic  and  magnetic  origin. 

In  contrast  to  the  coulombic  case,  the  binding  energies  of  states  localized 

by  spacial  fluctuations  in  magnetic  order  may  be  both  temperature  and  mag- 

12  3 

netic  field  dependent.  *  * 

This  section  reviews  recent  advances  made  in  describing  and  under¬ 
standing  the  physical  properties  of  materials  in  which  the  electrons  are 
localized  by  coulombic  disorder  and  extends  these  ideas  to  magnetic  materials. 
In  particular  we  compare  the  properties  of  a  magnetic  semiconductor 
Gd^  v  S,  with  its  isostructural  paramagnetic  counterpart  Ce^v^.  We 
hope  to  show  that  such  a  comparison  is  helpful  in  that  it  allows  us  to  look 
at  the  anomalous  properties  of  the  magnetic  solid  in  terms  of  the  well  es¬ 
tablished  band  tail  model.  We  find  that  we  can  account  qualitatively  for 
our  transport  measurements  by  using  this  model. 

For  the  case  of  materials  where  static  potential  fluctuations  are 
invoked  as  the  cause  of  disorder,  e.g.  amorphous  or  heavily  doped  non— magnetic 

semiconductors,  the  concentration  for  which  defects  and  impurity  wavefunc— 

4 

tions  overlap  has  been  described  in  terms  of  band  tailing.  The  basic  con¬ 
cept  is  that  there  exists  a  series  of  electronic  states  (See  tig.  1)  below 
what  was  formerly  the  bottom  of  the  unperturbed  conduction  band.  Concomitant 
with  this  tail,  there  exists  an  energy,  E£,  below  which  electrons  are  more 
or  less  immobile  and  have  to  move  by  hopping  and  above  which  the  states  are 
extended  and  the  electron's  movement  is  limited  only  by  scattering.  Ec  is 


_ 
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a  consequence  of  quite  general  considerations  concerning  electronic 
localization  in  a  disordered  lattice."*  The  electron  localizatioi  depends 
critically  on  the  magnitude  of  the  potential  fluctuation.  For  example, 
van  Vechten^  has  recently  concluded  on  theoretical  grounds  that  no  band 
tail  is  expected  for  covalent  amorphous  semiconductors ,  since  the  covalent 
bonds  will  tend  to  rearrange  themselves  in  such  a  way  as  to  minimize  the 
distortion  energy  and  thus  preserve  short  range  order.  Band  tailing  was 
not  detected  experimentally  in  strain  free  amorphous  Si  and  GeJ  On  the 

g 

other  hand  Busch,  Campagna,  and  Slegmann  were  able  to  show  from  an  analysis 
of  photothreshold  in  photoemission  experiments  that  in  ionic  materials  large 
band  tails  can  be  produced  in  the  disordered  state. 

A  severe  limitation  in  most  attempts  to  study  transport  of  dis¬ 
ordered  semiconductors  has  been  the  lack  of  information  about  the  energy 
dependence  of  the  density  of  states  and  mobility.  We  would  like  to  review 
here  the  salient  features  of  transport  analysis  on  three  compounds  in  which 
the  band  tail  has  been  well  studied  and  its  occupancy  is  relatively  well 
controlled. 

9 

Redfield  has  compared  experimental  data  on  heavily  doped,  closely 
compensated  GaAs  with  a  band  tail  model.  His  samples,  all  of  which  were 
doped  to  the  same  carrier  concentration  and  later  compensated,  provided  a 
"rigid"  band  tail,  whose  density  of  states,  N(E),  was  not  expected  to  change 
substantially  between  samples  since  the  net  carrier  concentrations  were 
smaller  than  the  donor  concentration  by  at  least  2  orders  of  magnitude.^ 

It  was  thus  possible  to  calculate  the  conductivity,  using  the  formula 

a(T)  =  /N(E)  f ]E-Ep(T) }p(E)dE  2.1.1 


/ 


where  N(E)  is  the  density  of  states,  f[E-Ep(T)]  =  f  is  the  Fermi  function 
and  p(E)  is  an  energy  dependent  mobility*  The  prescription  is,  first,  to 
assume  a  form  for  N(E)  (which,  in  the  case  of  GaAs,  had  been  calculated  to 
be  Gaussian),  to  calculate  Ep(T) ,  the  temperature  dependence  of  the  Fermi 
energy,  by  using  particle  conservation,  and  then  to  try  several  functional 
forms  for  y(E)0  Redfield9  found  remarkable  agreement  with  his  data  by 
choosing  an  energy  dependent  form  for  p  which  was  also  a  Gaussian  tail. 

Thompson,  et  al,11  used  a  similar  approach  to  analyze  their  data 
on  the  magnetic  semiconductor  EuS„  It  should  be  pointed  out  that  these  authors 
were  focusing  their  attention  on  the  non-magnetic  transport  properties  of 
this  compound  and  consequently  quenched  the  magnetic  field  dependent  re¬ 
sistivity  peak  near  the  ordering  temperature  by  applying  a  field  of  32  kOe. 
Their  results  for  Eu-rich  samples  show  that  the  data  are  well  described  by 
the  following  model:  1)  conduction  occurs  in  a  "rigid"  band  tail  (the  tail 
is  exponential  rather  than  Gaussian);  2)  at  high  temperatures  p(E)  is  energy 
and  temperature  dependent,  p(E) aexp [Ec-E) /kT] ;  3)  the  electrons  deepest  in 

the  band  tail  do  not  contribute  to  the  Hall  effect;  4)  at  low  temperature 

,  12 

conduction  is  described  by  Mott’s  variable  range  hopping  formula, 
o=o  exp(T  /T)l/4,  with  T  predicted  from  the  high  temperature  data.  An 
unexpected  aspect  of  this  work  is  that  a  rigid  band  tail  model  works  as  well 
as  it  does*  The  samples  were  chosen  by  varying  the  Eu/S  ratio  and  one  might 
expect  N(E)  to  change  substantially.  Apparently  there  is  some  contribution 

of  unknown  defects  common  to  all  samples. 

It  is  obvious  from  the  above  discussion  that  a  form  for  N(E)  must 
be  found  before  one  can  m*ke  quantitative  comparisons  between  theory  and  ex- 
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periment.  Furthermore,  consistency  between  samples  can  only  be  tested  if 
a  rigid  band  tail  is  assumed.  On  the  other  hand,  a  qualitative  description 
of  transport  behavior  is  possible,  even  when  N(E)  is  not  known  precisely, 
as  long  as  we  can  be  assured  that  the  rigid  band  tail  model  is  valid.  A 
case  in  point  is  the  system  Ce3_xvxS4»  where  the  vacancies,  v,  are  an  in¬ 
trinsic  structural  property  of  the  solid.  The  interesting  feature  of  this 
system  is  that  one  can  fill  the  vacant  sites  with  the  same  cation  and  there¬ 
by  create  charge  carriers.  In  comparison  with  the  large  number  of  vacancies 
(,v2.1xl021) ,  the  carrier  concentration  can  be  varied  over  a  significant 

range,  presumably  without  seriously  affecting  the  energy  dependence  of  N(E)„ 

13  14 

This  system  was  studied  experimentally  by  Cutler  et  al  *  and  its  trans- 

15 

port  properties  were  interpreter  by  Cutler  and  Mott. 

These  compounds  are  only  one  of  many  rare  earth  Th^P^  type  struc¬ 
tures,  and  interest  in  them  arises  for  at  least  two  reasons:  first  of  all, 

t*r.  ce  v  X, (X-S,Se,Te) (0<x<  1/3)  compounds  change  continuously  from  metals 
3— x  x  4  —  — 

to  insulators  with  increasing  vacancy  concentration,  x,  leading  to  a  variety 
of  cooperative  effects  such  as  superconductivity  and  ferromagnetism;  secondly, 
the  disordered  distribution  of  vancancies  at  the  Th  sites  (which  are  discussed 
below),  is  expected  to  lead  to  fluctuating  repulsive  potentials  and  tailing 
of  the  conduction  band  in  which  the  electronic  states  are  localized.15 

In  the  following  we  describe  some  aspects  of  the  Th^  structure 
and  briefly  review  the  arguments  of  Cutler  and  Mott  pertaining  to  their 
analysis  of  transport  in  the  cerium  compound.  In  Section  II  we  present 
transport  data  obtained  on  samples  of  the  isomorphic,  but  magnetic,  com¬ 
pound  Gd,  v  S,  and  compare  our  measurements  to  the  paramagnetic  cerium 

J~*X  X  4 
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system.  Section  III  presents  our  interpretation  in  terms  of  the  concept 
of  localization  of  electron  states  first  suggested  in  Ref.  15,  and  extended 


here  to  include  magnetic  interactions. 

The  Th3P4  type  structure  was  first  described  by  Meisel.  In 

1949  Zachariasen18,  on  the  basis  of  x-ray  powder  diffraction  and  density 
data,  showed  that  the  defect  Ce^  compound  crystallized  with  the  Th^ 
structure,  in  the  space  group  L43d-T*  with  four  molecules  per  unit  cell. 

In  this  space  group  the  12-fold  cationic  sites  are  fixed  while  the  16-fold 
anionic  sitis  are  determined  by  a  parameter,  y.  Both  Zachariasen’ s  and 
Meisel's  analyses  fixed  the  value  of  y  at  1/12  or  0.083.  The  deficit 
Ce2S3  was  described  by  Zachariasen  as  having  10  2/3  Ce  atoms  statistically 
distributed  over  the  twelve  cation  sites,  whereas  the  sixteen  fold  anion 
sites  were  filled.  On  the  basie  of  these  results  Zacharicsen  predicted 
that  4/3  vacant  cation  sites  per  unit  cell  could  be  filled  and  therefore 
the  structure  should  exist  over  a  single  phase  region  extending  from 

S :Ce=1.5  to  S:Ce-1.33. 


The  coordination  polyhedra  were  described  in  detail  by 
Krpyakevich19  and  by  Joltzberg  and  Methfessel.20  Single  eryatal  n-ray 
analysis  on  related  materials21’22  showed  that  the  parameter  u  for  rare 
earth  compounds  was  nearer  to  0.075  which  displaces  the  anion  from 


its  symmetrical  position. 

Recently  Carter23  suggested  the  possible  existence  of  vacancy  and 
charge  ordering  in  ThjP,,  defect  type  structures  but  concluded  that  there  is 
insufficient  experimental  evidence  to  confirm  the  existence  of  vacancy 
ordering  and  it  is  not  clear  that  the  arguments  for  charge  ordering  are 
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conclusive.  One  might  suspect,  however,  that  it  is  unlikely  to  find 

adjacent  cation  vacancies  and  it  is  therefore  reasonable  to  assume  that 

some  short  range  order  exists.  Although  this  would  reduce  the  magnitude 

of  the  static  potential  fluctuations,  the  existence  of  a  rigid  band  tail  in 

Th^P^  structures  is  clearly  a  good  assumption  as  long  as  the  donor  concen- 

21  -3 

tration  is  small  compared  to  the  total  number  of  vacancies  ('''2.1x10  cm 

in  Ce_  v  S.), 

3-x  x  4 

The  latter  assumption  is  the  basis  for  the  analysis  of  transport 

data  on  Ce_  v  S.  .  Cutler  and  Mott^  argue  that  when  E_,(0)  ,  the  low 

temperature  Fermi  energy,  lies  below  Ec»  conduction  is  thermally  activated 

and  approaches  0,  as  T-K3.  When  E_,(0)  is  above  E  ,  conduction  occurs  in  ex- 

r  c 

tended  states  and  remains  finite  as  T  approaches  0.  They  also  show,  that, 
regardless  of  the  mode  of  transport  the  fundamental  equations  for  a,  the 
conductivity  and  S,  the  thermopower,  can  be  written  in  the  familiar  form 

o  -  -Jo(E)(3f/3E)dE  2.1.2 


and 


E-E 


So  -  J  ;'o(E) 


kT 


F  3f / 3 E  dE  ,15’4 


2.1.3 


The  function  -kT3f/37.  ■  f(l-f)  is  centered  about  E_,(T)  of  width  kT,  where 

r 

k  is  Boltzmann's  constant.  Consequently  the  transport  will  depend  very 
sensitively  on  the  magnitude  of  |Ec-Ep|  compared  to  kT.  Cutler  and  Mott 
then  specialize  their  discussion  to  electron  concentrations  and  temperature 
ranges  where  E,,  lieB  in  the  region  of  localized  states  and  where  E  -E_>>kT„ 
They  conclude  that,  when  the  electronic  current  is  carried  by  states  near 


Ep,  the  thermoelectric  power,  S,  is  given  by 


2.1.4 


\ 
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This  is  the  familiar  metallic  formula  and  when  applied  to  thermally  ar- 

tivstcd  conduction  of  the  •*- o rm 

m  -W(E)/kT  2.1 

a  “  °o  E  6  ’ 

where  W(E)  is  the  mean  activation  energy  for  hops,  equation  2.1.4  yields 


2.1.6 


When,  however,  the  electronic  current  is  negligible,  i.e.  o(E)-K),  for 

.  ,  v  /See  Fits.  1)  the  thermoelectric  power  takes 

energies  below  some  energy  Ex>  laee  rig.  x; 

on  a  form  similar  to  that  for  semiconductors,  i.e. 


S 


k 

e 


l+2kT  d  Hn  o/dE  +  ... 
1+kT  d  Jtn  o/dE  +  ... 


E*=E 


x 


2.1.7 


Equation  2.1.6  predicts  line.-  behavior  in  T  with  non-zero  intercept  (con¬ 
trary  to  the  case  for  metals).  This  behavior  is  observed  in  moderately 
doped  (^5xl018-l0l9cm“3)  Ce^v^.  The  dependence  on  inverse  temperature, 
Eq.  2.1.7,  is  observed  in  considerably  more  insulating  samples  containing 
5-9xl017  c  arriers/cm3.  One  particularly  inter es tin,;  sample  (n-5.2xl0  cm  ) 
obeys  Eq.  2.1.6  between  *100  and  300‘K,  but  changes  to  l/T  behavior  at  lower 
temperatures.14  Presumably  E?  changes  wtih  temperature  in  this  ample  and 
the  quantity  Ec-Ep  is  small  enough  so  that  above  -vlOO’K  much  of  the  charge 
is  transported  either  by  hopping  or  in  extended  states  (both  would  give  a 
term  for  S  linear  in  T).  The  reason  we  belabor  this  point  is  that  similar 

behavior  is  observed  in  as  shown  in  Fig.  4. 

When  lE  -eJ  and  kT  become  comparable,  as  is  apparently  the  case 
•  c  F 


In 


in  EuS33,  no  approximate  formula  is  valid  and  a  full  integration  over 

9  11 

energy  has  to  be  carried  out  to  compare  theory  with  experiment. 

Gd  v  S,  we  suppose  that  |e  -E_|  is  not  only  a  function  of  temperature 
3-x  x  4  r *  1  c  r ' 

and  concentration  but  also  a  function  of  magnetization  and  we  shall  attempt 
to  relate  the  experimental  values  for  p  =  l/o  and  S  to  this  concept. 

2.2  EXPERIMENTAL  RESULTS  FOR  Gd^v^ 

Single  crystals  of  Gd3_xvxS4  were  8rown  by  slowly  cooling  the 
melts  (m.p.  M.800°C)  contained  in  sealed  tungsten  crucibles  to  about  1000°C, 
annealing  at  that  temperature  for  several  hours  and  quenching  to  room 
temperature.  Although  we  have  not,  thus  far,  determined  the  exact  compo¬ 
sitions  of  the  materials  it  is  clear  that  the  Gd^  composition  is  insulating 
(p  >  106ncm),  transparent  and  anti-ferromagnetic  and  that  the  composition  for 
which  x-0  the  samples  are  metallic  and  ferromagnetic.  Lattice  parameters 
obtained  with  a  Guinier  focussing  camera  using  Cu  radiation  are  essentially 
constant  throughout  the  single  phase  region  with  aQm8.375±.002A. 


TABLE  I 


_3 

Sample  I.D.  n  rj(cm  ) 

2 

yRT(cm  /v- sec) 

13  FT  ( 

0(°K) 

1. 

24-118  t5.6  xlO19 

(673) 

1.25 

9.45x11) 

tt-6.7  to  -9.0 

2. 

24-60  *8.7+.8xl019 

(658) 

2.5 

2.5x10 

tt8.6  to  11.7 

3. 

20 

23-76  *1.6+. 5x10 

(594) 

2.3 

1.66x10 

16.1 

4. 

20 

23-10  *2.5+. 2x10 

2.5 

8. 23xl0-3 

22.2 

t  n  is  the  value  extrapolated  to  1/T"K),  on  the  assumption  that 
p-constant. 

*  (10_8/e)  +  (eH/HA)  ,  where  x*susceptibility,  ej^  is  the  Hall 

resistivity,  and  is  the  applied  magnetic  field, 
ft  These  values  were  not  determined  on  the  specific  samples  used 
in  transport  but  represent  the  variations  for  several  crystals 
from  the  same  crystal  growth  experiment. 
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2(o) 


Figure  2  Electrical  resistivity,  p,  of  Gd._xy  for  varying 

compositions  (See  Table  I)  as  a  function  of  temperature 
T;  (a)  with  no  external  magnetic  field  applied,  (b) 
in  the  presence  of  an  applied  field  of  32  kOe. 


Table  I  summarizes  some  physical  properties  of  the  samples 

studied.  Preliminary  measurements  by  us  on  samples  3  and  4  have  been 

0  / 

published  previously „  The  single  crystal  material  does  not  show  an 
easy  direction  for  cle..  lge  and  the  magnetic  measurements  were  performed 
on  small  samples  of  arbitrary  shape.  For  the  present  purposes  the  im¬ 
portant  features  of  the  magnetic  data  are:  a)  the  high  temperature  suscep¬ 
tibility,  x»  follows  a  Curie  Weiss  law  (resulting  in  the  extrapolated  0 
values,  b)  below  'v70°K,  1/x  departs  from  linearity  indicating  possible 
cluster  formation,  c)  the  general  trend  is  from  negative  to  positive  0's, 
as  the  carrier  concentration,  n^,  increases,  d)  in  the  ordered  state  the 
Gd^"*"  moments  are  not  completely  aligned  and  the  magnetization  shows  a  pro- 

O  / 

nounced  field  dependence.  Five  probe  dc  resistivity.  Hall,  and  thermo¬ 
electric  power  measurements  were  made  on  crystals  shaped  as  rectangular 
parallelopipeds ,  with  the  exception  of  sample  1.  The  latter  was  a  thin 
platelet  and  resistivity  and  Hall  measurements  were  made  in  the  Van  der  Pauw 
configuration. 

The  results  of  measurements  of  the  resistivity  with  and  without 

3 

an  applied  field  of  32  kOe  as  a  function  of  10  /T  are  shown  in  Figs.  2a  and 
b.  The  following  features  should  be  noted:  1)  Samples  2,  3,  and  4  exhibit 
a  linear  decrease  in  p  with  decreasing  temperature  between  300  and  v200°K 
(not  shown)  and  have  a  resistance  minimum  near  100°Ko  The  resistivity  of 
sample  1  is  activated  at  all  temperatures.  2)  Between  ,vi00oK  and  'vO,  p(H=0) 
is  activated  for  samples  2,  3,  and  4  but  the  activation  energy  changes  sig¬ 
nificantly  as  0  is  approached.  3)  Application  of  a  magnetic  field  reduces 
p  over  the  entire  temperature  range  below  ,v50oK  in  all  samples.  The  curves 


Figure  3 


Thermoelectric  power,  S,  of  Gdj  VXS4»  ®ature 

compositions  (lee  Table  I)  as  a  function  of  temperature 


eH/HA*l010  (ii-cm/Oe) 
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Figure  4 


Hall  coefficient,  e„/HA>  of  Gd3-vVxS4 
sitions  (See  Table  I)  as  a  function  of 


for  varying  corapo- 
raagnetic  suscepti¬ 


bility,  X. 
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M-[x/U+Nx)]1Ia  -  X*Ha.  "here  N  is  ths  demagnetizing  factor,  to 
—  =  R  +[R  (4it-N)+R,]x*  • 

o  o  J- 

If  it  is  assumed  that  R„  and  ^  axe  independent  of  temperature,  then  a  plot 
of  eH/HA  vs  x*%x  should  yield  a  straight  line  with  R0  as  intercept, 
relationship  is  roughly  obeyed  for  temperatures  above  77"K  as  can  be  seen 
in  Fig.  4.  The  values  for  n„  quoted  in  Table  I  are  derived  from  the  magni¬ 
tude  of  R0  obtained  in  this  manner.  It  is  also  obvious  that,  if  our  assump¬ 
tion  regarding  R0  and  ^  is  correct,  the  conduction  is  n-type  and  the  change 


in  sign  of  eH/HA  is  due  to  a  large  positive  anomalous  Hall  coefficient  (14) 


2.3  DISCUSSION 


If  we  restrict  our  discussion  to  the  region  in  temperature  above 
V100X  the  transport  behavior  of  the  Gd^S*  samples  is  very  similar  to 
that  of  the  cerium  isomorph.  In  Ce^v^,  Cutler  et  al  observed  acti 
vated,  non-metallic  transport  for  carrier  concentrations  smaller  than 
V8*1019cm-3.  Higher  concentration  materials  belave  'ike  metals  for  all^ 
temperatures  and  are  adequately  described  by  conventional  band  theory.13 


These  observations  are  in  complete  agreement  with  our  measurements  on  the 
Gd  compound.  The  resistivity  of  sample  1  is  thermally  activated  over  the 
entire  experimental  temperature  range  (See  Fig.  2a),  whereas  the  resistivities 
of  samples  2  through  4  initially  decrease  linearly  with  tewperature  as  the 
samples  are  cooled  from  ■vSOO’K  (This  effect  is  indicated  by  the  apparent 
resistivity  minimum  towards  the  left  of  the  figure).  The  fact  that  ntt 
8xl019cm"3  for  samples  2-4  is  in  excellent  agreement  with  Cutler  and  Levy's 
observations  in  Cej.^14,  although  this  result  is  possibly  fortuitous, 
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since  the  lattice  parameter  in  the  Ce  compound  is  somewhat  larger  than 
in  the  Gd  compound.  It  does,  however,  confirm  our  earlier  remark  that  the 
low  temperature  behavior  of  samples  2-4  must  be  dominated  by  magnetic 
effects.  The  result  also  suggests  that  Ep  lies  near,  but  above  Ec  in  our 
samples  2-4,  whereas  Ep<E^  £or  sample  1.  The  latter  then  appears  to  be 
similar  to  the  non-metallic  EuS  samples  studied  in  detail  by  Thompson  et  al'*''*', 
and  we  shall  concentrate  further  discussion  on  samples  2-4. 

The  thermoelectric  power,  S,  is  linear  with  an  intercept  which  de¬ 
creases  with  increasing  carrier  concentration,  n.  For  sample  4,  then,  it  seems 
reasonable  to  assume  the  unperturbed  density  of  states  indicated  by  the  dashed 
line  in  Fig.  1  and  to  find  E_  from  the  slope  of  S  vs  T.  This  result  is  readily 

r 

X 

derived  from  Eq.  2.1.4,  if  we  assume  o(E)=const  E  .  In  this  case 


2  2 

S  msL  Oz 

b  3  3eE, 


2.3.1 


If  y-1,  consistent  with  the  assumption  that  lattice  and  neutral  impurity 
scattering  dominates  the  resistance,  Ep^.07eV.  The  density  of  states  ef¬ 
fective  mass  m*,  defined  as 


*  V  2  v  2/3 

m*  =  — E  (3tt  n)  , 


2.3.2 


is  'vl.bm  ,  where  m  is  the  free  electron  mass.  This  value  is  smaller  than 
e’  e 

13 

similar  calculations  on  Ce-  v  S. .  E„  cannot  be  determined  for  samples 

3-x  x  4  F 

2  and  3  from  the  linear  part  of  S  because  |Ep-Ec|<kT  over  much  of  the  ex¬ 
perimental  range  and  current  carriers  from  both  above  and  below  Ec  contri¬ 
bute  to  So  Equation  2.1.2  thus  should  be  evaluated  numerically.  This  re¬ 
quires,  as  we  pointed  out  earlier,  a  knowledge  of  the  functional  form  for 

28 

N(E).  Although  we  lack  this  information  for  Gd-  v  S,  ,  Thompson  has 

j™X  X  4 


40  80  120  160  200  240 

T(°K) 


Activation  energy  for  electrical  resistivity ,  4B.  of 
pj  v  s,  ca'.culated  from  the  data  (Figo  la). 
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calculated  S(T)  for  one  of  the  EuS  samples  described  in  Ref.  11.  His 

calculation  is  in  good  agreement  with  our  experimental  values  for  S  on 

29 

the  same  EuS  sample. 

From  the  foregoing  discussion  we  might  expect  small  changes  in 
Hall  constant  in  samples  2  and  3,  since  the  electron  distribution  above 
E  is  expected  to  change  with  temperature.  If  n,  and  consequently  the 
normal  Hall  coefficient,  Rq,  is  changing,  the  effect  is  completely  masked 
in  our  experiments  by  R^  Furthermore,  measurements  of  Rq  in  EuS  exhibit 
surprisingly  weak  temperatyre  dependences  for  dopant  concentrations  and 
temperatures  such  that  |  E^-Ep | '''kT .  Guided  by  this  result  and  the  data  of 
Cutler  and  Levy1^  we  have  confidence,  that  our  extrapolation  procedure  for 
obtaining  no  is  reasonable. 

Whereas  the  Ce  and  Gd  compounds  behave  very  similarly  at  high 

temperature,  Gd„_  v  S,  exhibits  new  magnetization  dependent  phenomena  at 
j“X  X  H 

low  temperatures.  In  order  to  study  these  magnetic  effects  at  temperatures 

below  <\/200oK  we  have  analyzed  our  resistivity  data  in  terms  of  an  activation 

energy,  AE(T),  in  a  manner  similar  to  Penney,  et  al  .  We  assume,  on  the 

basis  of  the  Ce0  v  S,  results  and  our  high  temperature  data,  that  samples 
J-x  x  4 

2-4  would  remain  metallic  in  the  absence  of  magnetic  interactions  and  define 


AE(T)  from  the  data  o(T)  by 


o(T) 


oM(T)e 


-AE/kT 


2.3.3 


where  o..(T)  is  roughly  of  the  form  A+BT,  with  A  and  B  specifier  by  the 
M 

linear  high  temperature  behavior.  AE(T)  is  then  computed  from  o(T)  point 

31 

by  point  for  all  temperatures.  Our  results  are  shown  in  Fig.  5. 

The  peaks  in  AE  occur  in  the  neighborhood  of  but  slightly  higher 
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than  the  measured  0  values.  Although  the  curves  are  not  shown,  AE  is 
substantially  reduced  by  an  applied  magnetic  field,  i.a.  when  AE  is  de¬ 
rived  from  the  data  of  Tig.  2b.  It  follows  that  AE  is  an  activation  energy 
for  conduction  which  is  related  to  magnetic  order.  We  have  implicitly  ne¬ 
glected  effects  on  the  mobility  due  to  critical  scattering.  This  is  justi¬ 
fied,  since  the  changes  in  resisitivity  are  too  large  to  be  accounted  for 
by  scattering  theory  and  since,  in  our  model,  transport  occurs  predominantly 

by  hopping  near  the  Curie  temperature  0. 

Our  hypothesis  for  the  change  in  AE,  which  we  claim  to  be  primarily 


magnetic  in  samples  2-4,  has  its  origin  in  the  idea  of  magnetic  polaron 

2 

bound  by  the  Coulomb  field  of  a  donor  or  vacancy  first  discussed  by  Kasuya  . 
Torrance  has  developed  this  concept  and  applied  it  to  the  insulator-metal 
transition  in  EuO3  and  the  resisitivity  peak  in  EuS.  The  cause  for  the 
localization  is  the  exchange  interaction,  Ic_£*  between  the  conduction 
electron  and  the  localized  Gd ^  4f  spins.  The  magnetic  binding  energy  is 

related  to  Ic_f  <<S>clu8ter  >-<S>lattice> *  where  the  ter“  in  bracket3  GX_ 
presses  the  difference  in  average  magnetization  between  a  cluster  of  spins 


in  the  neighborhood  of  an  electron  and  spins  elsewhere  in  the  magnetic  lat¬ 
tice.  This  term  encourages  an  electron  in  the  coulomb  field  of  a  defect  to 
contract  forming  a  small  magnetic  spin  cluster.2’3  Furthermore,  the  com¬ 


bined  effect  of  both  magnetic  and  Coulomb  interactions  make  the  localized 
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state  stable  over  relatively  wide  temperature  ranges. 


Regardless  of  the  microscopic  mechanism  of  localization,  the 
bracketted  term  in  the  magnetic  binding  energy  explains  several  features 


ol-  AE  observed  experimentally  in  Gd^v^.  If  we  assume,  for  simplicity, 
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\ 


that  <S>  “S,  l.e.  the  ferromagnetic  cluater  is  saturated,  a  magnetic 

cluster 

binding  energy  is  possible  as  long  aa  <S>cluster>  <s'iattice*  ThlS  8ltUa 
tion  is  possible  in  the  paramagnetic  region  of  a  magnetic  material  or  below 
the  magnetic  ordering  temperature  in  materials  which  do  not  order  ferro- 
magnetically.  The  bracketted  term  also  explains  the  reduction  in  binding 
energy  due  to  an  applied  field,  since  the  latter  tends  to  reduce  the  dif¬ 
ference  in  average  magnetization  by  increasing  <S>^attice*  With  compl 
ferromagnetic  order,  metallic  conduction  is  predicted  at  low  temperatures 
for  samples  which  are  metallic  at  high  temperatures.  In  our  samples,  where 
ferromagnetic  alignment  is  not  complete24,  the  bound  state  represents  a 
local  region  of  full  saturation  and  therefore,  can  exist  to  lowest  tempera¬ 
tures.  This  is  observed  experimentally,  in  that  the  samples  do  not  show 
metallic  conductivity,  but  a  magnetic  field  dots  tend  to  reduce  the  resis¬ 
tivity. 


The  model  is  also  capable  of  explaining  the  qualitative  features 
of  the  observed  thermoelectric  power.  Of  course,  the  simplest  assumption 
to  explain  the  temperature  dependence  of  the  thermopower  is  that  o(E)->0 
belcw  the  mobility  edge,  Ec.  This  means  that  we  set  in  Eq.  2.1.7, 

in  which  case  S  has  as  its  leading  term  (k/e) (Ec-Ep) .  Substitution  of 

AE  (Fig.  5)  for  Ec_ef  8lve8  a  peak  ln  the  thermopower  sll8htly  a>  VP 
as  observed.  However,  the  peak  value  of  S  predicted  from  AE  is  approximately 

twice  as  large  as  found  experimentally  for  sample  2.  The  discrepancy  is 
even  larger  for  sample  3.  Eq.  2.1.7  is  not  valid  for  sample  4,  since  the 
measured  S  is  smaller  than  k/e.  One  possible  explanation  for  this  inconsis¬ 
tency  is  to  assume,  as  did  Cutler  and  Mott15,  that  Ex  the  energy  below  which 
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o(E,*0.  is  below  Ec  (as  is  indicated  in  Fig.  1).  In  this  cas.  AE  would 
include  both  a  tern  Ex-Ep  and  an  activation  energy  for  hoppping,  U.  S,  on 
the  other  hand,  would  be  dominated  at  low  temperatures  by  the  first  tern 
in  Eq.  2.1.7,  which  does  not  Include  W.  The  hopping  energy  would  then  be 

the  difference  between  AE  and  S,  at  least  for  samples  2  and  3. 

With  the  use  of  the  bound  magnetic  polaron  model,  a  natural 
explanation  which  does  not  Involve  an  arbitrary  cutoff  in  energy,  is 
possible.  If  Ef  Is  below  Ec,  then  for  temperatures  such  that  |Ec-Ep|»kT, 
transport  of  electrons  occurs  by  hopping  near  Ep  with  conductivity  given 
approximately  by 
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o  °  e  pR  N(Ep)  , 


where  R  is  the  distance  covered  by  each  hop,  and  p  is  given  by 


p  s>  ^v^exp  (-2aR)  ]  [exp  (-W/kT)  ] 


2.3.4 


2.3.5 


rm* 

Here  v^  is  the  factor  depending  on  the  phonon  spectrum,  exp(-2nR)  is  a 
factor  depending  on  the  overlap  between  localized  states  and  W  is  the  dif¬ 
ference  in  energy  between  the  occupied  and  unoccupied  state.  At  relative 
high  temperatures  but  still  small  enough  so  that  only  the  electron  distri¬ 
bution  near  Ep  contributes  to  transport  the  first  term  in  Eq.  2.3.5  remains 
constant  and  the  conductivity  is  thermally  activated  with  activation  energy 
W  At  lower  temperatures  variable  range  hopping  occurs  and  both  exp(-oR) 
and  H  change.  Mott  has  shown  that  this  leads  to  his  well  known  T  low. 
It  should  be  noted,  however,  that  the  physical  process  for  both  temperature 
ranges  can  be  regarded  as  phonon  assisted  tunneling.  The  changes  in  the 
observed  activation  energy  reflect  the  fact  that  at  low  temperatures  only 
vary  few  phonons  ore  available  to  facilitate  the  hop.  If  we  follow  the 
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reasoning  of  Thompson  et  al11  we  can  regard  the  electron  motion  os  being 

defined  by  the  average  barrier  height  of  the  potential  well,  i.e.  the 

distance  from  E_  to  E  .  Thompson  et  al  find  that  the  high  temperature 
r  c 

value  for  W  can  be  used  to  predict  a,  the  decay  of  the  bound  electron  wave 
function  outside  the  potential  well,  and  consequently,  the  low  temperature 
variable  range  hopping  behavior.  We  can,  therefore,  identify  the  measured 
activation  energy,  A E,  with  the  distance  E^Ep.  This  binding  energy  is 
dominated,  at  low  temperatures  by  the  magnetic  term,  with  electrons  hopping 

from  site  to  site  as  described  above. 

Fritzsche35  has  pointed  out  that  the  thermopower  has  a  simple 
physical  meaning  since  it  is  related  to  the  Peletier  coefficient  it  as 
S«ti/T.  n  is  defined  as  the  energy  carried  by  the  electrons  per  unit  charge 
and  the  thermopower  thus  depends  very  sensitively  on  the  total  energy  trans¬ 
port  per  carrier,  either  directly  or  by  interactions  with  other  normal  modes 
of  the  system.  This  accounts  for  the  phonon  and  magnon  drag  effects  often 
encountered  in  metals.  It  also  apparently  accounts  for  the  difference  in 
activation  energies  observed  by  Emin  et  al  in  their  studies  of  i  and  S 
in  chalcogenide  glasses.  These  workers  interpret  the  result  that  the  ac¬ 
tivation  energy  AEq  is  larger  than  AEg  as  being  due  to  small  dielectric 
polaron  formation.  The  physical  idea  is  that  the  excess  charge  carrier 
relaxes  to  a  lower  energy  state  by  exchanging  energy  with  the  lattice  (through 
small  lattice  distortions)  forming  the  small  polaron.  In  order  to  move,  it 
has  to  overcome  an  energy  barrier  roughly  equal  to  the  polaron  binding 
energy,  W^.  If  no  net  energy  is  transported  in  the  hopping  process,  how¬ 
ever,  the  hopping  contribution  to  S  is  0.  Justification  for  the  latter 
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assumption  has  been  given  by  e.g,  Austin  and  Mott.  They  point  out, 

however,  that  this  result  is  only  true  if  the  total  activation  energy  is 

equally  divided  between  the  two  hopping  sites.  If  the  two  sites  are  not 

equivalent  a  term  cWu/kT  enters  the  thermopower,  c  is  a  constant  much 

ri 
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smaller  than  one  and  reflects  the  inequavelence  of  the  sites . 

We  view  the  thermopower  results  (Fig.  4)  as  being  analogous  to 
the  above  description.  The  trapped  magnetic  polaron  binding  energy  in 
Gd^  xvx^^  i-8  8  distribution  of  energies  because  of  static  fluctuating  po¬ 
tentials  caused  by  the  disordered  vacancies.  We  may  expect,  therefore,  a 
finite  contribution  to  S  from  the  term  cW^/kT.  We  expect,  furthermore,  the 
anomalous  peak  in  the  thermopower  to  be  quenched  in  the  presence  of  a  large 
magnetic  field  because  the  bound  s"ate  requires  both  the  coulombic  and 
magnetic  interaction  to  be  stable.  Experiments  to  verify  this  prediction 
are  underway  and  preliminary  results  indicate  a  decrease  in  the  thermo¬ 
power  peak  with  applied  magnetic  field. 

3.0  MAGNETIC  SUSCEPTIBILITY  OF  EXCHANGE  COUPLED  VAN  VLECK  IONS: 

Sm.  La  S 
1— x  x 

3.1  INTRODUCTION 

3+  2+ 

For  the  six  4f  electrons  of  both  Eu  and  Sm  ,  Hund's  rules  in¬ 
dicate  that  L  -  3  and  S  -  3;  i.e  a  ^F  term.  Furthermore,  the  spin-orbit 
interaction  favors  an  antiparallel  coupling  between  L  and  S,  leaving  the 
J  ■  j L-S |  -  0  stftte  lowest;  i.e.  ^F^.  Since  for  such  ions  (Van  Vleck  ions) 
the  ground  state  is  non-maRnetic  ( J«0) ,  their  magnetic  properties  are 
determined  by  the  higher  lying  multiplet  levels  (J>0).  The  magnetic  pro¬ 
perties  of  these  levels  are  manifested  in  two  ways:  at  finite  temperatures 
these  levels  are  thermally  populated;  and,  an  external  magnetic  field 


28 


admixes  the  J-0  and  J-l  levels,  giving  rise  to  a  moment  in  the  ground 
state.  Both  effects  may  be  examined  by  measuring  the  magnetic  susceptibility 
of  these  ions.  In  this  paper  we  describe  how  such  susceptibility  measure¬ 
ments  can  be  used  to  measure  the  exchange  interactions  between  Van  Vleck  ions; 
in  particular,  the  changes  in  the  Pm2+-Sm2+  interactions  in  SmS  caused  by 
conduction  electrons. 

3„2  SUSCEPTIBILITY  OF  A  VAN  VLECK  ION 

The  magnetic  susceptibility  of  such  non-magnetic  ions  was  first 
38 

calculated  by  Van  Vleck,  who  found: 

-Ej/kT 

£(2J+l)Xje 

J _ _ _  3.2.1 

X  *  -E  /kT 

£(2J+l)e 

J 

where,  for  the  Jth  multiplet  level,  E,  is  the  energy  and  Xj  is  the  suscep¬ 
tibility.38  Assuming  a  simple  spin-orbit  coupling  (A),  we  have  calculated 
the  susceptibility  for  various  values  of  A  and  plotted  them  versus  tempera¬ 
ture  in  Fig.  6.  In  the  case  of  no  spin-orbit  coupling  (A=0) ,  the  suscep¬ 
tibility  obeys  a  Curie  law,  xM  =  ^/T,  as  for  a  usual  paramagnet,  with 

C  =  7.5.  However,  A  is  typically39  'V'500°K  for  Eu3*  and  ''•'300  K  for  Sm 
M 

in  SmS3=  These  cases  are  also  shown  in  Fig.  6.  Clearly,  the  effect  of  the 
spin-orbit  coupling  is  to  dramatically  reduce  the  susceptibility,  by  tending 
to  align  t  antiparallel  to  t,  thus  reducing  the  effective  moment. 

The  temperature  dependence  of  xM  contains  contributions  due  to 
both  effects  mentioned  earlier:  at  high  temperatures,  the  higher  lying 
multiplet  levels  are  thermally  populated  but  xM  decreases  with  increasing 
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T  as  the  Curie  law  susceptibility  of  these  moments  decreases.  At  lowest 

temperatures,  the  thermal  population  of  the  higher  multiplets  is  neglig  ble 

and  xM  is  dominated  by  the  moment  admixed  from  J“1  by  the  applied  magnetic 

field.  This  contribution  to  xM  ls  the  Van  vleck  temperature  independent 
38,41 

susceptibility: 

X^  “  XM(0)  -  8N82'i  3.2.2 

where  A  is  more  generally  defined  as  the  energy  difference  between  the  J=0 

and  J=1  states.  Thus  the  low  temperature  value  of  xM  can  be  used  as  a 

direct  measure  of  A  (Eq.  3.2.2  and  Fig.  6). 

3.3  EFFECTS  DUE  TO  EXCHANGE 

In  the  absence  of  an  applied  magnetic  field,  the  exchange  inter¬ 
actions  between  Sm2+  ions  do  not  affect  the  >0  ground  state,  since  it  has 
no  moment.  There  will,  however,  be  effects  on  the  excited  states  which 

can  be  measured  by  the  susceptibility.  An  early  discussion  of  these  effects 

39  34* 

is  given  by  Bozorth  and  Van  Vleck  for  exchange  interactions  between  Eu 

ions.  More  recently,  susceptibility  measurements  by  Bucher,  Narayanamurti 

and  Jayaraman42  revealed  large  differences  in  XM(0)  between  SmTe,  SmSe,  and 

43  ,40  u 

SmS.  It  was  suggested  by  Mehran,  et  al  and  by  Birgeneau,  et  al  that 

2+2+  ^ 

these  differences  were  due  to  different  Sm  -Sm  exchange  interactions. 

40 

Using  molecular  field  theory,  Birgeneau,  Bucher,  Rupp  and  Walsh  showed 

2+ 

that  the  exchange  interactions  between  Sm  ions  alter  the  splitting.  A, 
between  the  J=0  and  JB1  states,  so  that  Eq.  3.2.2  becomes: 

8N32 

V8WJi 


/ 


xM(°) 


3.3.1 


Xm(cm3/ 
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where  the  change  in  A  from  A^  is  caused  by  the  exchange  interaction 

between  neighbors.  For  a  ferromagnetic  exchange,  this  reduction  in 

40 

A  gives  rise  to  an  increase  in  X^(0)*  Birgeneau,  et  al  have  used 

2+  2+ 

Eq.  3.3.1  with  A  <=415°K  to  obtain  the  values  for  the  Sm  -Sm  exchange 
interactions  in  SmTe,  SmSe  and  SmS.  In  this  section  we  report  measurements 
of  the  increase  in  the  Sm2+-Sm2+  exchange  interaction  in  SmS  caused  by  con¬ 
duction  electrons. 

2+ 

The  exchange  interactions  between  Sm  ions  and  impurity  spins 
(e.g.  Eu2+,  Mn2+  and  Gd3+)  have  also  been  observed  by  Mehran,  et  al43,  by 
Birgeneau,  et  al4°,  and  by  Walsh,  et  al44  in  SmTe,  SmSe  and  SmS  by  mea¬ 
suring  the  large  EPR  g-shifts. 

3.4  EFFECTS  OF  PARAMAGNETIC  IMPURITIES 

Since  the  variations  in  the  exchange  interactions  that  we  expect 
to  measure  are  small  compared  to  Aq,  the  changes  in  Xj^(0)  will  be  corre¬ 
spondingly  small  (Eq.  3.3.1)  and  particularly  accurate  measurements  will 
be  necessary.  Also  since  the  spin-orbit  coupling  greatly  reduces  x^j 
(Fig.  6),  a  relatively  small  amount  of  paramagnetic  impurities  can  have  an 
important  effect  on  our  measurement  of  the  exchange  interaction.  Samples 
of  SmS  generally  have  as  much  as  0.1%  impurities,  largely  originating  from 
the  commercial  Sm  metal  used  in  the  synthesis.  As  an  example,  the  measured 

y  data  for  two  samples  of  average  purity  are  shown  in  Fig.  7a:  one  undoped 
AM 

and  one  with  nominally  3%  La  (La3*  is  diamagnetic).  Note  the  rise  in  x^ 
at  lowest  temperatures  which  is  presumably  caused  by  paramagnetic  impurities. 
Since  the  difference  in  xM(0)  between  these  two  samples  is  nearly  the 
largest  we  have  found,  we  must  be  able  to  accurately  measure  smaller  changes 
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in  xM(0)  and  hence  we  must  subtract  off  the  impurity  contribution  from 

the  data.  Also  included  in  Fig.  7a  is  a  sample  of  SmS  intentionally  doped 

2+  . 

with  nominally  5%  Eu.  In  this  extreme  case,  the  Eu  paramagnetic  suscep¬ 
tibility  completely  obscures  the  temperature  independent  part  of  xM* 

In  order  to  eliminate  the  impurity  contributions  we  assume  that 
the  impurities  are  purely  paramagnetic  (i.e.  x  r°C/T)o  We  then  examine  the 
product  of  T  times  the  total  measured  susceptibility: 

Tx„  -  8N32T/A  +  C  3.4.1 

Thus,  a  plot  of  Txm  versus  T  should  give  a  straight  line  at  low  tempera¬ 
tures,  with  a  slope  related  to  A  and  a  T=0°K  intercept  which  measures  the 
impurity  contribution.  Such  a  plot  for  each  of  the  three  samples  of  Fig.  7a 

is  shown  in  Fig.  7b„  Mote  that  even  for  the  5%  Eu  sample  we  get  a  straight 

2+ 

line.  For  that  sample,  the  T=0  intercept  converts  to  a  Eu  concentration 

of  4.5%  and  the  value  of  A  obtained  from  the  slope  is  346°K,  compared  to 

^335 °K  for  SmS.  On  the  other  hand,  the  value  of  A  for  the  3%  La  sample  is 

273°K  and  reflects  the  large  increase  in  the  exchange  interaction  caused 

by  the  conduction  electrons  donated  by  the  La.  The  T=0°K  intercepts  for 

the  two  samples  without  intentional  Eu  doping  indicate,  for  example,  that 

2+ 

if  all  the  impurities  were  Eu  ,  there  would  be  a  0.15%  concentration. 

3.5  La  DOPED  SmS 

Since  La  in  SmS  is  expected  to  be  in  the  trivalent  state,  each 
La  should  add  one  conduction  electron  to  the  system,  which  will  give  rise 

2+  3+ 

to  an  indirect  interaction  between  Sm  ions.  Since  La  itself  is  dia- 

2+ 

magnetic  with  about  the  same  diamagnetic  susceptibility  as  Sm  ,  the  suscep¬ 
tibility  behavior  of  La  doped  SmS  should  be  similar  to  undoped  SmS:  any 
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The  Sm  -Sm  exchange  interaction  in  La  doped  SmS 
showing  the  increase  in  the  exchange  due  to  the  con¬ 
duction  electrons.  The  error  bars  represent  a  +1/2% 
error  in  the  measurement  of  x«° 
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changes  in  xM  (per  mole  Sm)  will  then  be  attributed  to  changes  in  the 
Sm2+-Sm2+  exchange  interaction  caused  by  the  conduction  electrons.  Using 
the  techniques  described  above,  we  have  obtained  the  sum  of  the  exchange 
interactions  between  Sm2+  ions,  £2^,  for  a  series  of  samples  with  dif-  s 

fering  La  concentrations.  The  results  are  plotted  in  Fig.  3,  with  the 
error  bars  on  the  data  points  representing  a  ±  1/2%  error  in  XM* 

Also  plotted  in  Fig.  8  are  the  data  points  for  undoped  SmS  obtained 
by  Bucher,  et  al42  and  by  Birgeneau,  et  al4°.  Note  the  variation  between 
these  two  samples  and  our  two  undoped  samples.  This  variation  probably 
represents  to  a  large  extent  real  differences  in  the  exchange  interactions 
caused  by  differences  in  stoichiometry  and/or  impurity  content,  since  we 
shall  see  that  a  small  concentration  of  electrons  can  dramatically  increase 
the  exchange  interaction.  Thus,  the  errors  associated  with  these  effects 
although  difficult  to  estimate  are  probably  larger  than  the  error  Dars  in 

Fig.  8. 

The  major  feature  of  the  data  in  Fig.  8  is  that  the  exchange  inter¬ 
actions  suddenly  increase  with  increasing  La  concentration,  so  that  near  3% 

La  they  are  almost  twice  the  value  of  undoped  SmS.  Further  increases  in  the 
La  concentration  cause  the  exchange  to  decrease. 

4.0  RARE  EARTH  INTERCALATION  AND  MAGNETIC  PROPERTIES  OF  LAYER  TYPE 

COMPOUNDS 

4.1  INTRODUCTION 

The  transition  metal  dichalcogenides  of  group  IV,  V  and  VI  form 
layer  type  compounds  where  a  single  layer  consists  of  metal  ions  strongly 
bonded  between  two  sheets  of  chalcogens.45  Adjacent  layers  are  weakly 
bonded  to  each  other,  presumably  by  van  der  Waals  forces,  making  it  possible 
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to  place  other  ions  or  molecules  in  the  gap  between  the  layers  without 
disturbing  the  ionic  arrangement  within  a  given  layer.  This  process  is 
called  intercalation.  Distinct  changes  in  the  physical  properties  of  the 
host  layer  material  usually  occur  as  a  result  of  intercalation,  presumably 
due  to  electron  exchange  between  the  intercalated  species  and  the  host. 

There  has  been  some  previous  work  on  the  intercalation  of  mag¬ 
netic  ions  into  the  gap  of  these  structures,  mainly  putting  in  3d  metals  by 

46-49 

high  temperature  reactions  .  In  such  cases  structures  with  many  three 
dimensional  characteristics  are  formed.  Rudorf f^'^,  however,  showed  that 
europium,  since  it  is  soluble  in  liquid  ammonia,  can  be  intercalated  at  low 
temperatures  in  a  manner  similar  to  the  alkali  metals.  Further,  from  sus¬ 
ceptibility  measurements  he  showed  the  intercalated  europium  to  be  in  the 
divrlent  state. 

In  this  section  we  present  further  data  on  the  intercalation  and 
properties  of  europium  in  MoS2»  we  show  that  ytterbium  and  strontium  can 
also  be  intercalated,  and  we  compare  the  magnetic  properties  of  the  three 
intercalated  systems. 

4.2  EXPERIMENTAL 

The  layer  dichalcogenides  were  prepared  as  powders  by  the  direct 
reaction  of  the  elements  in  sealed  silica  tubes.  The  resulting  powders 
were  used  as  source  material  for  crystal  growth  runs  by  the  chemical  vapor 
transport  technique.  Iodine  was  used  as  the  carrier  in  most  runs.  The 
3R  poly type  was  obtained  in  all  cases.  The  intercalations  were  carried 
out  by  reacting  either  the  powders  or  crystal  with  liquid  ammonia  solutions 
of  the  metals  i.e.,  Eu,  Yb,  or  Sr,  The  solutions  had  the  deep  blue  color 


t 

I 


characteristic  of  free  solvated  electrons  in  ammonia  and  the  intercalation 
process  was  considered  complete  when  the  solution  became  colorless.  The 
rate  of  intercalation,  as  determined  by  the  time  required  for  the  solution 
to  become  colorless,  depended  on  the  usual  parameters  such  as  temperature, 
concentration  and  particle  size  of  the  dichalcogenides .  However,  the  pri¬ 
mary  rate  determining  parameter  for  this  experiment  was  the  particle  size 
of  the  material  being  intercalated.  For  example,  at  -50°C  small  crystals 
were  not  completely  intercalated  after  16  weeks  in  solution  whereas  fine 
powders  ('V3000A)  showed  complete  intercalation  after  several  days.  Tem¬ 
perature  had  a  lesser  but  still  significant  effect  on  the  reaction  rate. 

We  were  restricted  in  the  temperature  range  in  which  the  intercalation  could 
be  carried  out  because  at  higher  temperatures  i.e.,  room  temperature,  there 
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was  a  tendency  for  the  formation  of  europium  amide  (Eu(NH2>2  ,  -  a  ferro- 

magnet  which  we  could  not  tolerate  as  an  impurity.  Therefore,  all  reac¬ 
tions  were  carried  out  at  low  temperatures  (-70  to  -50° C)  where  amide 
formation  did  not  occur.  After  the  intercalation  was  complete  the  samples 
were  washed  in  freshly  distilled  NH3>  dried  in  high  vacuum,  and  then 
transferred  to  a  dry  box  where  they  were  removed  from  the  reaction  tube 

and  mounted  for  the  various  examinations. 

All  samples  were  analyzed  chemically  for  both  europium  and 
ammonia.  The  europium  was  determined  by  EDTA  to  an  accuracy  of  ±  1%  while 
the  ammonia  was  done  colorimetrically  using  Nesslers  reagent.  The  magnetic 
measurements  were  made  with  a  force  magnetometer. 

4.3  RESULTS  AND  DISCUSSION 

The  results  of  the  intercalation  from  liquid  ammonia  solutions 
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Figure  9 


14 

20°(Cu  Ka) 

X-ray  diffraction  patterns  of  (a)  M0S2OR)  and  (b  and 
c)  Eu  intercalated  MoSj.  At  low  Eu  concentrations  both 
intercalated  and  pure  phases  are  present  (b  and  c)  and 
the  003  peak  intensities  vary  with  the  Eu  concentration. 
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are  summarized  in  Table  II.  There  are  several  significant  points  which 
warrant  further  emphasis.  First;  ammonia  is  always  found  intercalated  with 
europium.  The  ratio  of  Eu  to  NH3  varied  between  M).8  to  2.5  but  the  scatter 
in  the  analyses  does  not  allow  us  to  draw  any  conclusions  as  to  the  compo¬ 
sition  of  the  complex  which  is  intercalated.  However,  in  no  cases  could 
ammonia  be  intercalated  without  europium.  Second;  the  lattice  parameters 
in  all  cases  are  idential  and  independent  of  the  concentration  of  the 
intercalated  material.  This  means  that  when  two  layers  separate  to  accept 
the  intercalated  species,  the  amount  of  separation  is  determined  nly  b^ 
the  size  of  this  species.  Since  the  low  concentrations  show  the  same  spacing 
as  the  highly  concentrated  ones  it  is  likely  that  the  Eu  concentration  neces¬ 
sary  to  completely  separate  two  layers  (to  3.15A)  is  very  low.  For  the  low 
concentrations  mixtures  of  intercalated  and  the  pure  intercalated  phase  are 
seen  in  the  X-ray  diffraction  tracings  (Fig.  9b).  The  percent  intercalated 
phase  shows  a  linear  increase  (as  determined  by  X-ray  intensity  data)  as  the 
concentration  of  Eu  in  the  ammonia  solution  is  increased  and  at  MoS2(Eu)  >5g 
only  the  intercalated  phase  is  seen  (Fig.  9c).  We  assume  that  at  this 
concentration  every  layer  has  been  separated  by  small  concentrations  of 
ammoniated  europium’s  and  further  increases  in  the  Eu  content  can  be  ac¬ 
counted  for  by  the  Eu  concentration  being  increased  between  the  previously 
separated  layers.  The  lattice  parameter  increase  in  the  c  dimension  of 
9.45A  is  consistent  with  an  intercalated  species  being  between  every  layer 

of  the  3R  polytype. 

Attempts  were  made  to  intercalate  Eu  and  Sr  into  MoS2  by  sol.d 
state  reactions  at  400-800°C  by  reacting  the  metals  with  MoS2  in  evacuated 


Magnetic  Field,  kOe 


Figure  10  Magnetic  data  on  MoS2(Eu  g9(NH 
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silica  tubers.  Negligible  amounts  of  Eu  and  about  25%  Sr  were  inter¬ 
calated.  The  lattice  constants  of  these  compositions  were  aQ«3.20A  and 
c=3x7.19A.  However,  in  all  cases  the  corresponding  metal  sulfides  were 

formed o 

It  is  also  evident  from  Table  II  that  the  maximum  concentration 
of  intercalated  europium  in  MoS2  corresponds  to  a  composition  of  approxi¬ 
mately  MoS2(Eu)  95;  to  obtain  this  composition  it  was  necessary  to  have  a 
starting  composition  with  a  MoS2/Eu  -  .75.  In  view  of  the  fact  that  solu¬ 
tions  containing  less  than  this  starting  concentration  always  become  de¬ 
colorized  while  those  containing  more  remained  blue,  it  is  difficult  to 
explain  why  the  final  intercalated  product  was  found  to  contain  approximately 

only  70-80%  of  the  added  europium. 

Although  some  of  the  compositions  given  in  Table  II  show  the 

presence  of  trivalent  europium,  we  have  data  to  indicate  this  is  a  result 
of  decomposition  during  handling  and  measuring.  However,  it  is  evident 
that  europium  can  be  intercalated  to  a  composition  of  MoS2(Eu)  *1  and  that 

It  is  intercalated  in  the  divalent  states. 

The  magnetic  data  for  a  typical  highly  intercalated  (with  Eu) 
sample  are  shown  in  Fig.  10.  Ferromagnetic  order  appears  to  occur  at  low 
temperatures.  From  paramagnetic  susceptibility  values  in  the  temperature 
range  77-298°K  a  0  of  8-9°K  and  a  molar  Curie  constant  of  7.88  for  Eu 
with  a  spin  value  of  7/2.  A  ferromagnetic  Curie  temperature,  Tc,  of  4-5°K 
was  obtained  from  initial  permeability  measurements.  Several  low  tempera¬ 
ture  magnetization  curves  for  this  functional  dependence  of  the  moment 
versus  field  shows  some  characteristics  of  ferromagnetic  order. 
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TABLE  II 


Molar 


Starting 
Composition 
Moles  MoS2:  T 

Final 

Composition 
(from  Analyses) 

Lattice  ^ 

Parameter 

‘C  ,  X 

0 

Paramagnetic 
Curie  temperature 
9,  °K 

Curie 

Constant 

CM 

1:0 

M°s2 

3  x  6.13 

1:0.2  Eu 

MoS2^Eu'o.07*™3*0.15 

3  x  9.28 

-10  +  5+ 

3.1 

1:0.5  Eu 

MoS2(Eu) 0 . 38(nh3) o t 29 

It 

0  ±  1 

8.1 

1:0.75  Eu 

MoS2(Eu)  ^59^3)2^3 

II 

4  +  4+ 

7.1 

1:1.0  Eu 

MoS2(Eu) 

It 

+ 

6.0 

1:1.0  Eu 

MoS2(E»)_78(NH3)1  7 

It 

9  +  2 

6.9 

1:1.2  Eu 

MoS2(Eu)_89(NH3) , 

It 

8.8  +  1 

7.9 

1:0.2  Yb 

MoS2(Yb)0.i(NH.i)  i6 

3  x  9.21 

— 

- 

1:0.2  Sr 

3  x  9.28 

- 

- 

The  a.  lattice  parameter  for  all  intercalated  materials  is  3.20  X  as  compared  with 
3.16  X  for  pure  MoS2>  There  were  no  superlattice  lines  observed  which  could  be 
used  to  indicate  the  position  of  the  intercalated  ions. 

^The  presence  of  trivalent  europium  in  the  samples  decreases  the  accuracy  of  the 
extrapolation  from  high  temperature  of  the  1/x  versus  T  curve  because  of  the 
deviations  from  a  straight  line. 
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However,  the  fact  that  complete  saturation,  as  evidence  by  the  slope  of 
the  M-H  curve,  does  not  occur  up  to  *15  kOe  indicates  either  a  complex 
spin  structure  or  the  presence  of  a  paramagnetic  phase.  If  the  latter  were 
the  case  the  data  indicates  it  should  be  present  in  the  20-25%  range  -  a 
fact  which  is  inconsistent  with  the  X-ray  and  the  susceptibility  data. 

The  presence  of  EuCNH,,)/2  or  EuCM^53  as  ferromagnetic  impurities  is 
also  ruled  out  by  the  X-ray  measurements.  A  spin  arrangement  in  which  the 
europiums  are  coupled  ferromagneticaliy  within  a  sheet  and  adjacent  sheets 
being  coupled  antiferromagnetically  could  account  for  the  shape  of  the 
magnetization  curve.  In  such  an  arrangement  the  dipolar  exchange  forces 
coupling  adjacent  layers  are  assumed  to  be  weaker  than  the  intra  layer 
exchange  so  that  only  moderate  fields  i.e.  15-20,000  Oe  are  required  to  flip 
the  spins  to  a  parallel  arrangement,  as  is  seen  in  the  magnetization  curve 
at  *15,000  Oe.  The  fact  that  the  saturation  moment  is  within  a  few  per  cent 
of  theoretical  for  this  composition  (104  vs  111  emu's)  shows  that  all  Eu 


spins  are  ferromagneticaliy  aligned. 

Those  samples  Intercalated  »lth  europium  concentrations  less  than 


about  MoS2(Eu)_4  have  either  zero  or  slightly  negative  paramagnetic  Curie 
temperatures.  'The  M  versus  H  curve  for  the  MoS2<Eu>_38  sample  shows 
some  characteristics  of  ferromagnetism  at  2»-4.2"K  but  since  this  sample 


was  a  mixture  of  intercalated  and  pure  MoS2  we  assume 


it  contained  small 


regions  with  sufficiently  high  Eu  concentration  for  magnetic  order  to  occur 
It  appears,  that  for  homogenous  samples,  a  europium  concentration  in  the 


0.4  -  0.5  Eu  to  one  MoS2  is  necessary  for  ferromagnetism. 

Strontium  and  ytterbium  intercalated  samples  with  increased 


.  i 


i 
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lattice  parameters  identical  to  the  europium  ones  were  also  prepared. 

No  evidence  of  ferromagnetism  was  observed  in  these,  which  is  good  evi¬ 
dence  showing  the  origin  of  the  magnetism  in  the  Eu  sample  is  in  the  Eu 
layer  and  not  the  molybdenum.  In  fact  both  the  Sr  and  Yb  samples  became 
superconducting  at  5.2  and  3°K  respectively.  This  is  presumed  to  be  a 

intercalated  species  being  transferred  to 


result  of  electrons  from  the 
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